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Abstract

The effect of solvents has been found as a crucial factor in determining the regioselectivity of the hydroxyalkylation of indole
with trifluoroacetaldehyde hemiacetals. The appropriate selection of the solvent ensured to achieve absolute N1 or C3 regio/
chemoselectivity of the reaction depending on the polarity and dielectric constant of the medium. Reaction conditions were
optimized considering the effect of solvent, including temperature, time, and molar ratio of reactants to base. In order to
rationalize this effect, density functional theory has been employed in which implicit as well as explicit role of solvent was
studied, which were further validated with in situ "H NMR spectroscopy experiments. The comparison of transition states derived
from the implicit calculations revealed that the lowest energy path of the reaction in dimethyl sulfoxide (DMSO) leads to product
formation with N-selectivity. Further DFT calculations on explicit interactions of indole with DMSO indicated enhanced nucle-
ophilicity on the N atom compared to that of C3 atom, which is evident from the calculated electrostatic potential (ESP) fit
charges of these complexes. These findings appear to support the experimental data and explain the N-selectivity in DMSO.
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Introduction

Organofluorine compounds are of primary importance in phar-
maceutical and agrochemical applications as well as in the
synthesis of advanced materials. Their significance is shown
by the high volume of applications; e.g., an estimated 20% of
the drugs contain at least one fluorine atom, in addition to their
use as coating (Teflon) or fuel-cell membranes (Nafion) [1, 2].
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Incorporating fluorine or a perfluoroalkyl group into the drug
candidates can enhance their affinity towards biological targets
and increase their metabolic stability, bioavailability, and mem-
brane permeability. Indole derivatives represent a large family
of compounds which are ubiquitously distributed in nature (al-
kaloids and peptides). These compounds are predominantly
biologically active and serve as a core in many potential phar-
maceutical leads [3, 4]. Functionalization of the indole moiety
with a trifluoromethyl group can further enhance its drug-like
potential [5—13]. The indole skeleton appears in several impor-
tant classes of pharmaceutical scaffolds acting as anticancer,
antiviral, antifungal, and antidiabetic agents. In addition, they
have been evaluated against potential targets associated with
neurodegenerative diseases such as Prion [14] or Alzheimer’s
disease [15]. Indoles most commonly undergo substitution re-
actions at their N1, C2, or C3 positions. There are numerous
methods reported for the synthesis of C3-substituted indoles
[16-19], which is the most reactive position in aromatic elec-
trophilic substitutions. In contrast, developing selective
methods for the N1 or C2 substitution is difficult [20, 21].
Direct N-alkylation, the most attractive method to obtain N-
substituted derivatives, involves the initial formation of indolyl
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anion, but due to its ambident nature, both N- and C-alkylated
products are formed. The nitrogen atom can be made the most
reactive nucleophilic site only by deprotonation; thus, proce-
dures for N-substitution commonly involve base-catalyzed nu-
cleophilic substitution or conjugate addition reactions [22, 23].
As aresult, the number of broadly applicable procedures for the
synthesis of N-alkylated indole derivatives is limited [24]. The
regioselectivity between the reactive centers can be delicately
influenced by a number of factors, e.g., using different metal
counter ions, application of metal [25] or phase transfer catalyst
[26], addition of various bases [27], and solvents [28]. These
traditional methods, however, carry several disadvantages such
as harsh conditions, require molar equivalent of base, and often
occur via multistep synthesis [29]. Recently, we have devel-
oped a selective microwave-assisted synthetic protocol that is
able to yield a broad range of N-hydroxyalkated indoles [15,
30]. The often exclusive N-selectivity is fundamentally based
on the use of polar, aprotic solvents, such as DMF and dimethyl
sulfoxide (DMSO). However, the theoretical foundation of the
solvent effect has been unclear. Herein, we report a mechanistic
study involving experimental and theoretical investigations of
this specific solvent effect which can accomplish the highly
regioselective alkylation of indole either at its N1 (A) or C3
(B) position (Scheme 1).

Methods
Materials

All chemicals and reactants (indole, trifluoroacetaldehyde eth-
yl and methyl hemiacetals, triethylamine (TEA), various sol-
vents, etc.) were obtained from commercial sources and used
without further purification. Column chromatography was
performed with Selecto Scientific Silica gel (particle size
100-200 pum). All reactions were monitored by thin-layer
chromatography (TLC) using Merck silica gel plates 60
F»s4; visualization was accomplished with UV light and/or
staining with appropriate stains (iodine, vanillin). Reactions
were monitored by gas chromatography-mass spectrometry
(GC-MS, Electron Impact ionization, 70 EV) with a
Shimadzu GCMS-QP2010S dual flow control and FID sec-
ondary detection and Shimadzu GC-2014 system 30 m and

Scheme 1 Formation of indole-
trifluoromethyl carbinols A and B

15 m column length, respectively, and with an Agilent 6850
GC-5973 MS system (70 eV electron impact ionization) using
a 30-m-long DB-5 type column (J&W Scientific).

Nuclear magnetic resonance spectroscopy Nuclear magnetic
resonance (NMR) spectra were recorded on an Agilent
MR400DD2 spectrometer, with a multinuclear probe with
two RF channels and variable temperature capability. The
measurements were carried out at 400 MHz-'H NMR,
100 MHz-">C NMR, and 376 MHz-'’F NMR. The solvents
used that were purchased from Sigma-Aldrich include CDCls,
benzene-dj, diethyl ether-d;;, DMSO-dg, and acetone-ds. The
NMR signals are reported in parts per million (ppm) relative to
tetramethylsilane or the residual signal of the solvent.

Typical reaction conditions Indole (0.05 g, 1 eq.),
trifluoroacetaldehyde methyl hemiacetal (315 pL, 7 eq.),
triethylamine (6.4 uL, 10 mol%), and the solvent (0.5 mL)
were mixed together in a microwave vial (10 mL). This solu-
tion was irradiated in a closed vessel mode using a CEM-
Discover microwave reactor at 80 °C. Aliquots were with-
drawn for analysis at desired times. The completion of the
reaction was monitored by TLC and GC-MS. Products were
purified by flash chromatography.

Isolation of products obtained in non-polar and polar
protic solvents: Upon completion of the reaction, the glass
vessel was cooled down to room temperature and the mixture
was extracted twice with diethyl ether. The ether layer was
decanted and washed with water and saturated aqueous
NaHCOj;. The organic layer was dried over MgSQy,, filtered,
and the solvent was removed by a rotary evaporator. The
product was purified by flash chromatography (silica gel, n-
hexane/ethyl acetate, gradient 10-25% ethyl acetate).

Isolation of products obtained in polar aprotic solvents:
The crude product was directly loaded on to silica column
and was purified by flash chromatography using hexane/
ethyl acetate gradient (10-20% ethyl acetate).

2,2, 2-trifluoro-1-(1-H-indol-1-yl)ethanol (A): MS (EI) m/
z 117 (100%), 118 (85%), 215 (54%, M*), 146 (41%); "H
NMR (400 MHz, (CD5;),CO): § (ppm) 7.66 (d, J=8.4 Hz,
1H), 7.58 (dt, J=8.0, 1.2 Hz, 1H), 7.47 (d, J=3.2 Hz, 1H),
7.16-7.22 (m, 1H), 7.06-7.12 (m, 1H), 6.55-6.59 (m, 1H),
4.04(q,J=6.8 Hz, 1H),2.94 (brs, 1H); *C NMR (101 MHz,

F.C
3\ OH

from indole and OH TEA
trifluoroacetaldehyde hemiacetals @ * R b * b
in the presence of triethylamine N F3C o’ MW, Solvent N N
H ’ H
(TEA) _ )—oH
indole trifluoroacetaldehyde FsC
hemiacetal A B

R = Et, Me
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(CD;),CO): & (ppm) 137.02, 130.01, 125.95, 124.3, 123.03,
121.72, 121.27, 111.34, 104.56, 77.03 (q, J=36.3 Hz); ’F
NMR (376 MHz, (CD5),CO): § (ppm) — 81.05 (d, J = 5.2 Hz)

2,2, 2-trifluoro-1-(indol-3-yl)ethanol (B): MS (EI) m/z: 118
(100%), 146 (92%), 215 (48%, M™), 197 (11%); '"H NMR
(400 MHz, CDCLy): 6 (ppm) 8.3 (br's, 1H), 7.75 (d, J= 8.4 Hz,
1H), 7.17-7.45 (m, 4H), 5.38 (q, J= 6.8 Hz, 1H), 2.43 (br,
1H); *C NMR (101 MHz, CDCls): 6 (ppm) 136.01, 126.2,
125.68, 123.65, 123.63, 122.93, 120.59, 119.32, 111.40,
67.56 (q, J=33.3 Hz); "’F NMR (376 MHz, CDCls): &
(ppm)—177.91 (d, J=6.8 Hz)

Computational methods Geometry optimization of the reac-
tant, product, and transition state structures have been carried
out at B3LYP [31, 32]/6-31G(d,p) level of theory using
Gaussian 09 suite [33]. Frequency calculations of all opti-
mized structures were performed to confirm the minima and
transition state structure with one imaginary frequency. The
effect of solvent on overall reaction has been investigated
implicitly as well as explicitly. For that, the implicit integral
equation formalism polarizable continuum model (IEF-PCM)
of solvation has been used and those solvents that are utilized
in experiments were considered [34]. In addition, the temper-
ature factor (80 °C) was incorporated so as to mimic the ex-
periment. Intrinsic reaction coordinate (IRC) calculations
were performed for transition state structures to confirm that
it connects well to product and reactant on the potential energy
surface. Zero-point-corrected activation energy, free energy of
activation, and other thermodynamic parameters are estimated
from implicit calculations. The explicit role of solvent in the
reaction has further been studied, and for that, possible stable
complexes of indole with the solvent (DMSO, Et,0, acetone,
and benzene) and catalyst TEA were formed. Relative stabili-
zation energies and binding energies of the complexes were
estimated. "H NMR chemical shifts were obtained for these
complexes in order to compare with experimental data [35].
Moreover, electrostatic potential (ESP) fit charges were calcu-
lated to identify the potential nucleophilic center on indole.
CYLview software was used to generate the images from
optimized geometries [36].

Results and discussion
Experimental solvent studies

The effect of solvents on controlling the regioselectivity during
the substitution of indoles has previously been studied but only in
the presence of metal counter ions [21]. There are, however,
many examples in the literature on the exquisite role of solvents
in determining reaction rates [37] and selectivity [38]. The ability
of solvents to control the outcome of a reaction depends on their
capacity to coordinate with the reactants, intermediates, transition

states, or products. The reactant-solvent interaction is further de-
pendent upon the type of solvent used and its polarity index [39]
which can be categorized as non-polar, polar aprotic, or polar
protic. Polar solvents can interact with electron-rich substrates
and hence assist in specific bond cleavages [40] via solvation
effects. Polar protic solvents due to their ability to participate in
hydrogen bonding can help further activate and stabilize the in-
termediate. Non-polar solvents, however, only aid in solubiliza-
tion of reactants and hence are not able to show any predominant
solvation effects [28]. In the present work in addition to the
experimental investigations, density functional theory (DFT)
and NMR studies have been performed to better understand the
driving forces of the solvent effect. Based on our previous works
[8—13], the natural reactivity of indoles towards
trifluoroalkylation lies at the C3 position (thermodynamically
favored) under acidic conditions with microwave irradiation.
The synthesis of N-substituted indole (kinetic control) is tradi-
tionally favored using strong bases or with metal-mediated reac-
tions. However, as pointed out in our earlier work [8—13], the use
of cinchona alkaloids, considered as strong organic bases, still
resulted in the formation of the C3 product; thus, the base itself
cannot ensure the selective formation of the N1-product. In con-
trast, as shown in our recent studies [15, 30], using polar aprotic
solvents resulted in the exclusive formation of N-
hydroxyalkylated indoles. The goal of the current study is to
understand the fundamental basis of this exquisite solvent control
on the regioselective outcome of the reaction by using different
solvents ranging from non-polar to polar aprotic solvents in both
experimental and theoretical investigations.

The trifluoroacetaldehyde alkyl (ethyl/methyl) hemiacetals
and their hydrates are commercially available precursors for
the in situ generation of trifluoroacetaldehyde (fluoral) via
conventional or microwave heating [41] and consistent results
(conversion or enantioselectivity) are observed using any al-
kyl hemiacetals [8—13, 42].

In order to observe the effect of solvents on the regioselective
outcome of the reaction, all other reaction parameters were first
optimized. The goal was to test the model reaction with sufficient
conversion and high regioselectivity. The conditions were stan-
dardized with dimethyl sulfoxide (DMSO) as solvent.

The initial screening was carried out at 120 °C to determine
the best molar ratio of the reactants and the amount of the base
catalyst (triethylamine [TEA]) used, which was proposed to
link to and partially deprotonate the slightly acidic N-H of
indole to increase the electron density of the heterocyclic ring,
thus increasing its reactivity. The results, tabulated in Table 1,
show three different indole to trifluoroacetaldehyde
ethylhemiacetal (TFAE) molar ratios (1:5, 1:7, 1:9) that were
studied respectively (Table 1, entries 1, 3, and 5). Although
use of nine equivalents of TFAE gave better percent conver-
sion (78% in 15 min, Table 1, entry 5), the ratio of the N-
substituted product was higher when 7 equivalent of TFAE
was used (69% in 15 min, Table 1, entry 3) with no by-product
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Table 1  Effect of reactant molar ratio and base concentration on the yield and selectivity of the microwave-assisted reaction of indole with
trifluoroacetaldehyde ethyl hemiacetal in DMSO as a solvent
FsC
OH
TEA (5-30 mol%)
N, 9 T=120°C N N\
NASID Y . \
y FC€ O MW, DMSO
)\OH
indole trifluoroacetaldehyde FsC
1 mmol  ethyl hemiacetal A B
(5 - 9 mmol)
Entry | 1/TFAE (TEA %) | Time (min) | Yield (%)° | Selectivity (%)b Others (%)b
A B
15 39 65 35 0
1 1:5(10)
30 77 46 42 12
15 57 59 36 5
2 1:7 (5)
30 68 46 44 10
15 62 69 31 0
3 1:7 (10)
30 73 44 37 19
15 67 50 37 13
4 1:7 (30)
30 80 24 45 31
15 78 37 50 13
5 1:9 (10)
30 92 20 50 30

Reagents and conditions: indole (1 mmol); trifluoroacetaldehyde ethyl hemiacetal (5-9 mmol); triethylamine (5-30 mol%); DMSO as solvent; T'=

120 °C, Pyax =300 W, with continuous stirring
#GC yields, based on indole
® Selectivity as determined by GC-MS

formation. Lower than 7 equivalents of TFAE gave low con-
version (39% in 15 min; Table 1, entry 1). After the optimum
indole:TFAE ratio was determined, the amount of base cata-
lyst was standardized. Three different concentrations (5, 10,
and 30 mol%) of base were tested (Table 1, entries 2, 3, and 4
respectively). After the screening, 10 mol% base concentra-
tion was selected for future reactions as it provided optimum
conversion and selectivity.

Further studies were directed towards optimizing the reac-
tion time and temperature. The data are summarized in
Table 2. As shown, four different reaction temperatures
(60 °C, 80 °C, 100 °C, and 120 °C) and six different reaction
times (5, 10, 15, 20, 25, 30 min) were studied. As the temper-
ature increases from 80 to 120 °C (Table 2, entries 2 and 4 for

@ Springer

15 min), the conversion of the reaction increases (from 18 to
62%) but the selectivity drastically decreases (from 92 to
69%).

Based on the selectivity of the product and maximum con-
version of the reactant (indole) to its corresponding substituted
derivative, the reaction temperature of 80 °C was selected. For
the same reason, 30-min reaction time was determined to be
best for further solvent-dependent studies. Reactions were al-
so carried at 140 °C (data not included); however, these con-
ditions yielded multiple by-products with no desired
selectivity.

After the reaction conditions were standardized, the effect
of a broad range of solvents was investigated on the yield and
selectivity of the indole-carbinol products (Table 3). The list
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Table 2 Effect of reaction temperature and time on the yield and selectivity of the microwave-assisted reaction of indole with trifluoroacetaldehyde
ethyl hemiacetal in DMSO as a solvent
FsC
OH
OH TEA (10 mol%)
A 1 T =60-120°C @ . N
R T/ N N
N FCT 0" mw, DMSO H
_ OH
indole  trifluoroacetaldehyde FsC
1 mmol  ethyl hemiacetal A B
(7 mmol)
Entry | Temp (°C) | Time (min) | Yield (%)° | Selectivity (%)° | Others (%)°
A B
15 4 99 1 0
1 60
30 6 99 1 0
5 9 99 1 0
10 16 93 7 0
15 18 92 8 0
2 80°
20 22 94 6 0
25 23 95 5 0
30 25 93 7 0
15 36 88 12 0
3 100
30 43 83 17 0
15 62 69 31 0
4 120
30 73 44 37 19

Reagents and conditions: indole (1 mmol); trifluoroacetaldehyde ethyl hemiacetal (7 mmol); triethylamine (10 mol%); DMSO as solvent; 7= 60—
120 °C, Pyax =300 W, with continuous stirring

? Time interval = from 5 to 30 min (microwave irradiation)
® Determined by GC-MS, based on indole
¢ Selectivity as determined by GC-MS

included a broad range of common solvents, from non-polar
solvents such as hexane with polarity index of 0 and dielectric
constant of € = 1.89 to DMSO with the highest polarity index
of 7.2 and dielectric constant of € =46.45. All reactions were
carried out under identical experimental conditions except the
solvent used.

The study showed direct relation between the polarity
index/dielectric constant of the chosen solvents and its effect
in controlling the regio/chemoselective outcome of the reac-
tion. Based on the results (Table 3), solvents can be classified

under three main categories according to their behavior: (a)
solvents leading to high conversion and high C-selectivity
(hexane, toluene, CCly, CHCl;, and CH,Cl,): where the se-
lectivity of the reaction is completely directed towards the
formation of C3-substituted product B (ranging from 98 to
90% respectively); (b) solvents leading to low conversion
and high C-selectivity (diethyl ether, THF, ethyl acetate, eth-
anol, and acetone): in which selectivity of the reaction gradu-
ally shifting from C3 to N1-substituted product reaching near-
ly 1:1 ratio in acetone, although with low yield (20-40%); and
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Table 3  Effect of solvent polarity on the yield and selectivity of the microwave-assisted reaction of indole with trifluoroacetaldehyde methyl
hemiacetal
FsC OH
TEA (10 mol%)

Ny OH T=80°C @ + b

N F3C)\O/R MW, Solvent N H

H ’ )~oH

indole trifluoroacetaldehyde FsC
1mmol  hemiacetal (7 mmol) A B
R =Me
entry | solvent | P? e | Yield (%)° | Selectivity (%) | Others (%)"
A B

1 hexane | 0 1.89 100 0 98 2
2 CCly 16| 2.24 98 1 93 6
3 toluene | 2.4 | 2.38 98 1 92 7
4 Et,O 28| 4.20 49 8 87 5
5 CH.Cl, | 3.1 | 8.93 99 1 90 9
6 CHCI; | 4.1 4.89 99 1 93 6
7 THF 42| 7.58 31 16 80 4
8 EtOAc | 4.4 | 6.02 28 14 84 2
9 EtOH | 5.2 24.55 24 13 87 0
9 | acetone | 5.4 | 20.70 38 47 53 0
10 | CHsCN | 5.8 | 35.94 64 67 29 4
11 DMF 6.4 | 36.71 51 94 5 1
12 DMSO | 7.2 | 46.45 44 91 0 9

Reagents and conditions: indole (1 mmol); trifluoroacetaldehyde methyl hemiacetal (7 mmol); triethylamine (10 mol%); 7= 80 °C, Py =200 W, with
continuous stirring

P polarity index, ¢ dielectric constant

# Solvent miscibility chart is downloaded from http://phx.phenomenex.com/lib/gu54810610.pdf
® Dielectric constant (relative permittivity) of the pure liquid is measured at 25 °C [28]

¢ Determined by GC-MS, based on indole

9 Selectivity as determined by GC-MS

(c) solvents leading to moderate conversion and high N-
selectivity (acetonitrile, DMSO, and DMF). The reaction car-
ried out in DMSO favors the formation of N-substituted prod-
uct A with almost 100% selectivity representing a major shift
in N1-selectivity. Figure 1 given below shows the selectivity
distribution of C- and N-substituted products as a function of
the polarity of the solvent (a) and dielectric constant (b). The

@ Springer

formation of C-substituted product, which is dominant in non-
polar and polar protic solvents, further diminishes when polar
aprotic solvents were used and leads to product with N-
selectivity.

The experimental data obtained in the TEA-catalyzed reac-
tions prompted us to investigate the role of the catalyst. Three
solvents from the three major parts of the regioselectivity vs.
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Fig. 1 Effect of the solvent (@
polarity (a) and dielectric constant

(b) on the regioselectivity of C- to

N-product formation in the 120

Regioselective distribution of products from C- to N- substituted indoles

Diethyl
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e "
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s <
8 60 .
S <
H *
= 80 DMF~._  DMSO
S : ¢

-100

Dielectric Constant

polarity functions have been chosen for the investigation.
These solvents were hexane (exclusive C3-selectivity), ace-
tone (~ 1:1 ratio of C/N products), and DMSO (exclusive N-
selectivity). The data are tabulated in Table 4.

From Table 4, it has been observed that the reaction readily
occurs in the solvents without the presence of the catalyst. In
hexane, neither the yield nor the C3-selectivity appears to be
affected (Table 4, entry 1). In DMSO, the reaction rate drops to
half of that of the catalyzed reaction; however, the reaction results
in exclusive N-selectivity (Table 4, entry 3). Surprisingly, acetone
that had produced a 1:1 ratio of A and B with TEA yielded 100%
C3 product (B) albeit with lower reaction rate. In conclusion,
while the catalyst aids the reaction rate and affects the regiose-
lectivity in case of midrange polarity, the selectivity appears to be
exclusively determined by the solvent at the non-polar and highly
polar end of the solvent spectrum. In addition to its role as a
catalyst, it also can act as a co-solvent. Its dielectric constant
(¢=2.4) is similar to that of toluene, and it can shift the selectivity
towards the formation of the C3-substituted product B, thus
explaining that without TEA, the A selectivity in DMSO im-
proved to 100% (Table 4, entry 3).

Density functional theory and NMR studies

Based on the above data, it is unambiguous that the solvent has a
decisive contribution to determine the regioselectivity of the re-
action. Moreover, it is also clear that the presence of the catalyst
is not necessary to obtain exclusive selectivity for either of the
products. These primary observations regarding the solvent effect
led us to carry out theoretical studies. To obtain the relative
thermodynamic stability of the products, density functional the-
ory (DFT) calculations have been carried out at the B3LYP/6-
31G(d,p) level of theory. Optimized geometries and relative sta-
bilization energies of the products in the gas phase and in the
different solvents are shown in Fig. 2. The data show that the C3-
substituted product (B) is thermodynamically more stable than
the N-substituted product (A) in the gas phase and in each
targeted solvent. However, the respective stabilization energy
differences change in implicit solvent studies. The 5.5 kcal/mol
difference almost doubled to 9.8 kcal/mol when the compounds
were calculated in benzene. This energy difference decreases to
6.8 kcal/mol in ethanol or acetonitrile. When DMSO was applied
as a solvent, a significant further decrease was observed to
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Table 4  Effect of solvent polarity on the yield and selectivity of the microwave-assisted reaction of indole with trifluoroacetaldehyde methyl

hemiacetal in a catalyst-free medium

NO CATALYST

@@%

\ . OH o
©\/I\> 1 e T=s0C
H FsC™ O MW, Solvent
: 30 min
indole  trifluoroacetaldehyde FsC
1 mmol  methyl hemiacetal A B
7 mmol
. o/\P - 0/\C 0/\C
enty solvent p € Yield (%) | Selectivity (%) | Others (%)
A B
1 hexane 0 1.89 100 0 100 0
2 | acetone | 5.4 | 20.70 22 0 100 0
3 DMSO | 7.2 | 46.45 21 100 0 0

Reagents and conditions: indole (1 mmol); trifluoroacetaldehyde methyl hemiacetal (7 mmol); 7= 80 °C, P, =200 W, with continuous stirring

P polarity index, ¢ dielectric constant
2 GC yields, based on indole
® Selectivity as determined by GC-MS

3.2 kcal/mol. The relative stabilization energy data indicate that
while the solvents profoundly affect the thermodynamic stability
of the products, the C3 product is still more stable. Thus, while
the energies support the shift in selectivity, the opposite selectiv-
ities in different solvents cannot be explained as an exclusive
result of thermodynamic stability.

As a next step, the implicit role of solvent has been inves-
tigated employing IEF-PCM model of solvation. The reaction
of indole with trifluoroacetaldehyde methyl/ethyl hemiacetal
is considered at 80 °C with wide range of implicit solvents.

Fig. 2 Optimized geometry and
relative stabilization energy of C-
to N-substituted indolyl-
trifluoromethyl ethanols at
B3LYP/6-31G(d,p) level.
Electronic energy F is in hartrees
and relative stabilization energies
(AE,y) are in kcal/mol

Product A (E =-815.220471)
5.5 kcal/mol (gas)
9.8 kcal/mol(benzene)

AERe=
AERe =

Calculations carried out in DMSO are used as representative
model in the figures as shown in Fig. 3.
Trifluoroacetaldehyde methyl/ethyl hemiacetal (TFA) can in-
teract in two different geometries (re and si face) that would
produce different enantiomeric hydroxyalkylated products and
lead to four isomeric products, namely Ind_TFAA A R and
Ind_TFAA_A_S (product A is Nl-sustituted), and
Ind_TFAA_B R and Ind_TFAA_B_S (product B is C;-
substituted). Possible stable complexes of indole interacting with
TFAA in both directions were generated in which indole N-H

9

/"\/f

Product B (E = -815.229251)
AEge= (0.0)

AERe = 6.8 kcal/mol (AcCN)
AERe = 6.8 kcal/mol (EtOH)
AEpge = 3.2 (DMSO)
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Fig. 3 IEF-PCM optimized
geometries of indole interacting
with trifluoroacetaldehyde ethyl
hemiacetal. Binding energies
(AEy;,q) are given in kcal/mol. A
and B refer to the N- and C-
products while R and S indicate
the potential chirality the
interaction would lead to

Ind TFAA A R
AEbpind = 3.15 kcal/mol

Ind TFAA A S
AEping = 2.92 kcal/mol

. N\
Av [ 356A .
Y‘I\ ~ P A w
[ ) . [\
N AN O
% aln e
Ind_TFAA_B_R Ind_TFAA_B_S

AEping = 2.46 kcal/mol

and C-H are alternately interacting with ethoxy oxygen of TFAA
(Fig. 3). The optimized geometries obtained in DMSO as a sol-
vent are shown in Fig. 3 along with interaction energies in
kcal/mol. The optimization reveals the lowest energy complex
is with the interaction between indole N1-H and ethoxy oxygen
(N-H-+O ~2.12 A). The calculated binding energy is around
3.15 kcal/mol (Ind_TFAA_A_R). On the other hand, the bond
distance in the C3—H---O interaction of indole and TFAA are
longer (3.56 A°) and comparativley destabilized with 2.46 kcal/
mol of binding energy (Ind_TFAA_B_R). It has been observed
that the binding energy differences between the isomeric R and S
complexes are only 0.23 kcal/mol for A(R/S) products and
0.12 kcal/mol for B(R/S)) products.

Furthermore, the transition states for each of these com-
plexes were located in order to find the favorable path of the
reaction (Fig. 4).

Optimization of transition state is carried out in a wide range
of solvents. Transition state geometries obtained for complexes
Ind TFAA A R and S (abbreviated as TS_A_ R and S) and
Ind_TFAA B R and S (abbreviated as TS B _R and S) in
DMSO are shown in Fig. 4 along with activation-free energies

AEpina = 2.58 kcal/mol

in kcal/mol. The calculations show that the lowest energy transi-
tion state is TS_A_R which leads to N1-substituted product A
with activation-free energy of 78.37 kcal/mol, whereas transition
state for C3-substituted products TS_B_S and TS_B_R appear
destabilized in DMSO by 22.97 and 24.26 kcal/mol, respectively,
compared to that of TS_A_R or TS_A_S. Transition state ge-
ometries show that the distance between N-+C and C-O is rel-
atively short in TS_A_ R compared to that found in TS_A_S
which further reflects in their activation-free energy difference
by 1.89 kcal/mol. However, in TS B_S and TS _B_R structures,
these interactions show considerably lower difference and merely
differ in their energies by 1.29 kcal/mol. Calculated zero-point-
corrected activation energy, activation-free energy, and other
thermodynamic parameters such as change in enthalpy, entropy,
and internal energies are given in Table S1 for
trifluoroacetaldehyde ethyl hemiacetal (TFAA). It has been ob-
served that ethanol and DMSO show lower activation-free ener-
gy for TS A R path. The energy trend for activation-free energy
in different solvents is as folllows (data given in kcal/mol): EtOH
(77.73) < DMSO (78.37) < THF ( 78.55) < CH5CN (78.56) <
CH,Cl, (78.70) < acetone (78.95) < CHCl; (79.42) < Et,0

@ Springer
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Fig. 4 IEF-PCM derived
geometries of transition state at
B3LYP/6-31G(d,p)** level of
theory for TS_A_(R/S) and TS_
B_(R/S). Activation-free energy
(AGhee) is given in kcal/mol

TS A R
AGiree = 78.37 kcal/mol

TS A S
AGiree = 80.26 kcal/mol

TS B R
AGiree = 102.63kcal/mol

(79.43) < hexane (79.70) < toluene (79.89) < CCl, (80.12) <
DMF (90.41). Similarly, calculations for trifluoroacetaldehyde
methyl hemiacetal (TFAA-Me) were also carried out in selected
solvents such as DMSO, acetone, and hexane. The data is shown
in Table S1. In addition, the transition state geometries and ener-
gies for the indole-TFAA-Me complexes have been calculated
and are depicted in Fig. S1. It was observed that, as expected, the
change of the ethyl group to methyl did not affect the transition
state stabilities significantly. The obtained free energies followed
the same trend as in Fig. 4, the change in the actual kcal/mol
values was within 1%.

Intrinsic reaction coordinate (IRC) calculations for each
transition state were performed in order to verify the smooth
reaction path connecting well with reactant and product on the
potential energy surface. Figure 5 shows the IRC plot for the
lowest energy N-substituted (A_R) and destabilized C-
substituted (B_S) path of the reaction.

@ Springer

TS B S
AGiree = 101.34 kcal/mol

As shown in Fig. 5, the implicit calculations in DMSO
unambiguously favor the path which leads to N1-substituted
product. Similarly, the calculated internal energy values (AU
in Table S1) also offer a clear explanation to the experimen-
tally observed C3-selectivity in other solvents as well. The
internal energy data show an inverse relationship for the N1-
and C3-product leading transition states, the total energies for
N1 transition states are significantly lower in DMSO than in
hexane, while for C3 the opposite was found, in agreement
with the experimental findings. However, since implicit cal-
culations do not always sufficiently represent the individual
interactions between the solvent and substrates, it was decided
to investigate the explicit interaction of indole with solvents
and the catalyst triethyl amine (TEA) as well. In these calcu-
lations, dimethyl sulfoxide (DMSO), diethyl ether, acetone,
and benzene are used as model solvents. Figure 6 displays
various optimized complexes of indole with the catalyst and
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Fig. 5 Calculated intrinsic -608860
reaction coordinate (IRC) at
B3LYP/6-31G(d,p) level of
theory employing IEF-PCM -608880 T
(DMSO) model of solvation for
transition states TS_A_R and
TS B_S 608900 4
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the solvent molecules, respectively. The proposed active sites
which participate in the hydrogen bonding interaction in in-
dole is N1-H and C3-H [43]. In case of DMSO, both the O-
and S-atoms were separately considered as H-bond acceptors
while in the other solvents, with the exception of benzene, the
singular heteroatom fulfilled this role. The data indicate that
while TEA, DMSO, Et,0, and acetone were able to form
individual complexes with indole on its N1-H and C3-H
positions, benzene formed a nondescript complex. The calcu-
lated relative stabilization and binding energy data reveal that
the lowest energy complex is where indole N-H is interacting
with heteroatom of the solvent or the catalyst. The stability of
these complexes can be attributed to the stronger acidity of the
N-H bond compared to that of the C3—H, which accordingly
forms a stronger hydrogen bond with H-bond acceptors.
Accordingly, the N-H--O and N-H-‘N bonds show shorter
interaction length than that of the respective C—H-*O and C—
H-N bonds of the less stable complexes. It is interesting to
note that the Ind-N-DMSO complex has binding energy of
10.34 kcal/mol which is comparatively larger than that of
Ind-N-TEA complex (7.88 kcal/mol). Despite the stronger
basicity of TEA, indole shows larger binding affinity towards
DMSO. When calculation of an indole-benzene stacking con-
former was attempted, it did not converge. Similarly to the
optimized geometries of potential complexes with chloroform
are void of any interactions (Fig. S3) indicating relatively
weak interaction between non-polar solvent and indole.
These findings, when considered with the thermody-
namic stability of the products in different solvents (Fig.
2), suggest that the low polarity solvents do not change
the traditional Friedel-Crafts mechanism leading to

-10.0 -5.0 0.0 5.0 10.0 15.0
Intrinsic Reaction Coordinate

product B and the product distribution is likely deter-
mined by the thermodynamics of the products in those
solvents.

Furthermore, a simultaneous interaction of indole
with catalyst TEA and DMSO has also been investigat-
ed, where indole N-H and C3-H consecutively
interacting with TEA and DMSO (Ind-TEA-DMSO-1
and Ind-TEA-DMSO-2). Optimized geometries of these
complexes are shown in Fig. 7 along with their relative
stabilization and binding energies.

The relative stabilization and interaction energy data show
that the difference between the two isomers are relatively in-
significant; however, DMSO appear to form stronger bonding
interaction with indole in either positions as evident from the
shorter bond lengths.

In addition to optimization of the above complexes,
several other properties such as '"H NMR chemical shifts
(Table 5) as well as electrostatic potential (ESP) fit
charges for these complexes (Table 6) have been calcu-
lated. As TFAA is an electrophile, it is suggested that the
more nucleophilic center will likely serve as potential
reactive site for substitution in indole. A comparison of
the calculated chemical shifts with experimental NMR
data may help in experimentally confirming the presence
of dominant species. Also the ESP fit charges of com-
plexes aid in identifying the reactive center in indole.

It has been observed that 'H NMR chemical shifts derived
from the explicit interaction of indole N-H and DMSO (Ind-
N-DMSO)[N-H(10.6); C2-H(7.0); C3-H(6.4)] are in good
agreement with experimental data of Ind-DMSO-ds [N—
H(11.1); C2-H(7.0); C3—-H(6.4)]. In contrast, explicit Ind-
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(E =-596.0929351)

Fig.6 Optimized geometries of indole interacting with a triethylamine, b dimethyl sulfoxide, ¢ diethyl ether, and d acetone and e benzene at the B3LYP/

6-31G(d,p) level

C3-H-DMSO chemical shift data are not a good match
with the experimental values. Similar conclusions can be
drawn from the Indole-Et,0 'H NMR data. As the 'H
NMR chemical shifts are influenced by the presence of

Ind-TEA-DMSO-2
AEgel= (OO)
AEging = 11.89 kcal/mol

Ind-TEA-DMSO-1
AEgei= 0.3 kcal/mol
AEging = 11.82 kcal/mol

Fig. 7 Simultaneous interaction of indole with TEA and DMSO
optimized at the B3LYP/6-31G(d,p) level
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electron density cloud around the proton, the up- or
downfield shifts reflected in the spectra help to identify
the possible complexes. Comparison with the theoretically
calculated values further validate the proposed binding
mode. The data in Table 5 clearly support that the domi-
nant solvated form has N-H---X (X =O,N) interactions.
Interestingly, the addition of TEA to Ind-DMSO did
not result in any spectral change. The data show better
agreement with the calculated N-H and C2-H proton
chemical shifts of Ind-TEA-DMSQO-2 complex than that
of Ind-TEA-DMSO-1 (Table 5, entries 16 and 17). Thus,
Ind-TEA-DMSQO-2 appears to be the more probable com-
plex based on the NMR studies.

The ESP fit charges calculated for these complexes
(Table 6) show that the inteaction of indole with solvents has
a profound effect on the electron density of the reactive N1
and C3 atoms of indole.

Ind-N-TEA and Ind-N-Et,O complexes show deple-
tion of negative charge on the N1 atom that is involved
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Table 5 Calculated and experimental (Exp) 'H NMR chemical shifts
for selected positions of indole

'H-NMR chemical shift (in ppm)

Entry Complex N-H C2-H C3-H
1 Ind (gas phase) 7.1 7.0 6.5
2 Ind-benzene (implicit) 7.5 7.1 6.5
3 Ind-DMSO (implicit) 7.9 73 6.6
4 Ind-benzene-d4 Exp 6.6 6.5 6.4
5 Ind-TEA (benzene-ds) Exp 8.7 6.8 6.5
6 Ind-DMSO- ds Exp 11.1 7.0 6.4
7 Ind-TEA-DMSO-d4 Exp 11.1 7.0 6.4
8 Ind-Et,0-d;y Exp 9.8 6.9 6.4
9 Ind-N-TEA 114 7.0 6.5
10 Ind-C3-TEA 7.1 7.0 7.8
11 Ind-N-DMSO 10.6 7.0 6.4
12 Ind-C3-DMSO 72 7.1 8.1
13 Ind-N-Et,O 9.9 6.9 6.4
14 Ind-C3-Et,0 7.1 7.0 7.5
15 Ind-benzene 5.1 6.6 6.3
16 Ind-TEA-DMSO-1 11.4 72 7.9
17 Ind-TEA-DMSO-2 11.0 7.0 7.7

in the interaction while the C3 atom increases the nu-
cleophilicity. However, in Ind-N-DMSO and Ind-TEA-
DMSO-2 complexes, enhanced negative charge on N1
atom is evident which may play a significant role in
directing the electrophile towards the nitrogen of indole
in DMSO solution.

Table 6 Calculated electrostatic potential (ESP) fit charges for selected
positions of indole

ESP charges

Entry  Complex N C2 C3

1 Ind (gas phase) —0.44303  —0.00949  —0.35601
2 Ind-N-TEA —021667 —0.01328  —0.38545
3 Ind-C3-TEA -0.43101 —0.03103  —0.30347
4 Ind-N-DMSO -0.37311  —=0.00617 —0.35244
5 Ind-C3-DMSO -0.42708 —0.02823  —0.24909
6 Ind-N-Et,0 -0.37023  —0.00144 —0.38849
7 Ind-C3-Et,0 —0.40484  —0.02564 —0.32999
8 Ind-N-acetone —0.44592 0.01622  —0.36034
9 Ind-C3-acetone —0.42852 0.00085  —0.33859
10 Ind-benzene —0.48009 0.03208  —0.33508
11 Ind-TEA-DMSO-1  —0.24386  —0.04221 —0.30322
12 Ind-TEA-DMSO-2  —0.37866 —0.05418 —0.27935

Explicit solvent studies show that the interaction of
indole with the solvent significantly changes the electro-
static charges on the atoms of interest (N1 and C3)
which may contribute to the underlying driving force
of chemo/regioselectivity. Since the experimental data
(Table 3) clearly showed that the catalyst (TEA) is
not necessary for the reaction to occur in either solvent
and produce exclusive Nl-selectivity in DMSO, the fur-
ther computational studies were focused on DMSO only.

The calculations related to the equimolar indole-
DMSO complex describe how location of interaction
influences the ESP charges on atoms of interest. In ac-
tual experiments, the indole to DMSO molar ratio is
much higher and to study the realistic model of explicit
interaction, more DMSO molecules were incorporated
successively in the calculations. This provides more in-
sight into the potential nature of the DMSO solvated
indole. Optimized geometries of indole-DMSO com-
plexes with increasing stoichiometric ratio are shown
in Fig. 8 along with binding energies in kcal/mol.

The 'H NMR chemical shift and ESP fit charges for
these complexes are tabulated in Tables 7 and 8.
Calculated shifts for these complexes may reveal the
size of the potential solvation sphere around indole
when compared with experiment. Likewise, ESP charges
could explain the directing effect of DMSO.

The optimized geometries show that indole is able to
make reasonably stable complexes with DMSO up to a
1:4 ratio where all four DMSO molecules are interacting
with indole. When more than five or six solvent mole-
cules are brought into contact with indole, then few
DMSO loses the interaction with indole. Once all seven
hydrogen of indole are targeted in interactions with
DMSO, the complex diverged and resulted in the for-
mation of a complex with 1:4 stoichiometry and three
spectator DMSO units. These observations indicate that
complexes with more than 1:4 stoichiometry are unlike-
ly to play a role in the reaction. The analysis of the
ESP charges of the 1:4 and smaller complexes reveal
that the dominant nucleophile in the indole structure is
the N-atom; however, in later complexes, depletion of
negative charge on nitrogen atom is evident.

The calculated "H-NMR data show varied correlation
to the experimental chemical shifts. Considering the
chemical shift values of C3—-H, 1:1 complex represents
the perfect fit (Table 7, entry 1), while the N—H shift is
only drifted off by 0.5 ppm. Although the higher indole
to DMSO complexes show better correlation to the N-H
chemical shift, both calculated C—-H values are signifi-
cantly (Ady ~ 1.5 ppm) higher than the experimentally
observed shift. This suggests that once the 1:1 complex
forms on the N-H bond of indole, the other DMSO
molecules can rather be seen as spectators and do not

@ Springer
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Fig. 8 a—f Interaction of indole
with dimethyl sulfoxide in
different stoichiometry optimized
at the B3LYP/6-31G(d,p) level
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appear to engage in a formal hydrogen bonding interac-
tion with the C3—-H of indole.

Conclusions

Solvent polarity appears to have a crucial effect on the
regio/chemoselectivity of the hydroxyalkylation of indole
with trifluoromethylacetaldehyde hemiacetals. After care-
ful experimental optimization, it was observed that the
reaction produced the expected C3-hydroxyalkylated
product in nearly 100% selectivity in non-polar solvents;
however, it dramatically shifted towards the exclusive

@ Springer

formation of the N1-substituted product in highly polar
aprotic solvents. In order to establish a reasonable pro-
posed mechanism for the profound selectivity shift, ex-
tended experimental and theoretical investigations were
carried out. A gradual shift in selectivity was observed
from the C3 to NI product formation as a function of
solvent polarity in experimental studies. It has also been
established via experiments that the reactions, while with
lower rate, readily occurred in both solvent types produc-
ing the same selectivity without a catalyst. Thus, the cat-
alyst results in rate enhancement; however, its role in de-
termining selectivity is insignificant. Theoretical DFT cal-
culations as well as NMR investigations revealed that the
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Table7  Calculated and experimental (exp) "H NMR chemical shifts for
selected positions of indole in DMSO

'H-NMR chemical shift (ppm)

Entry  Complex N-H C2-H C3-H
1 Ind-N-DMSO 10.6 7.0 6.4
2 Ind-C3-DMSO 7.2 7.1 8.1
3 Ind-DMSO-2 11.2 7.2 8.0
4 Ind-DMSO-3 11.3 7.2 8.0
5 Ind-DMSO-4 11.1 7.2 7.9
6 Ind-DMSO-5 11.1 82 7.6
7 Ind-DMSO-6 11.7 8.1 7.5
8 Ind-DMSO-7 112 8.1 7.7
9 Ind-DMSO (implicit) 79 7.3 6.6
10 Ind-DMSO-d (exp) 11.1 7.0 6.4

interaction of non-polar solvents with indole is negligible.
Therefore, it is proposed that the significantly higher ther-
modynamic stability of the C3-hydroxyalkylated product
determines the outcome of the reaction in non-polar and
low polarity solvents. The calculations, however, revealed
significant interaction between polar aprotic solvents and
indole. Specifically, the potential hydrogen bonding be-
tween the solvents and N1-H and C3-H was studied.
The results confirmed that the interaction of DMSO with
indole created an electronic environment where the nucle-
ophilicity of the N1 is significantly higher than that of
the C3, effectively attracting the attacking electrophile
to N1, thus ensuring the exclusive selectivity for the
N1-hydroxyalkylated product. According to the calcula-
tions, the 1:1 indole-DMSO complex appears to be the
most likely species to be responsible for the N- selectivity.
This observation was supported by "H NMR experiments as
well.

Table 8 Calculated electrostatic potential (ESP) fit charges for selected
positions of indole in indole-DMSO complexes

ESP charges

Entry Complex N C2 C3

1 Ind (gas phase) —0.44303 0.00949 —0.35601
2 Ind-N-DMSO —0.37311 —0.00617 —0.35244
3 Ind-C3-DMSO —0.42708 —0.02823 —0.24909
4 Ind-DMSO-2 —0.40263 —0.00131 -0.31187
5 Ind-DMSO-3 —0.38996 —0.02247 —0.26781
6 Ind-DMSO+4 —0.36496 —0.01298 —0.28218
7 Ind-DMSO-5 —0.30053 0.04623 —0.34639
8 Ind-DMSO-6 —0.29443 0.00593 —0.38849
9 Ind-DMSO-7 —0.19012 —0.04405 —0.27247
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